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suMMARY

Thispaperpresentstheresultsofmufflertestsmadeto evaluate
thetheoreticalresonator-mufflerattenuationexpressionas appliedto
practicalinstallations.A specificdesignprocedureforthemufflers
testedisalsoincluded.

Fourresonator-typemufflersofdifferentattenuationcapabilities
weredesignedandtestedona laboratorycold-testsetupanda helicopter
field-testsetup.Goodagreementwasfoundbetweenthelaboratory
experhentaldataandtheory.Thefield-testresults,however,showed
thatthemufflersattachedto thehelicopterdidnotlowerthefield
noiseto theetientpredictedby theoryortheamountmeasuredinthe
laboratorytest.. Thisattenuationreductionisbelievedtobe duein
partto thenonfulfillmentofthebasictheoreticalassumptionsof low
soundpressuresandzeroflowvelocitiesandinpartto theextraneous

. noiselevel.

Althoughthetheoretictiypredictedattenuationmaynotbe obtained
inpracticalinstallations,theresultsshowthattheresonatorequation
canbe veryusefulinthedesignanddevelopmentofmufflers.

INTRODUCTION

Withthepower-increasedevelopmentsmadeby thelightorprivate-
aircraftindustryinthepastfewyearsmd withtherapidexpansionof
thesuburban-homeareas,therehasbeenan increasingaircraft-noise
disturbanceprobleminandaroundairportscloseto congestedareas.
Thisnoiseproblemwasbroughtto theattentionoftheNationalAdvisory
CommitteeforAeronauticsforspecialconsideration.As a result,a
theoreticalandexperhentalmufflerinvestigationattheLangleyfull-be scaletunnelwasundertaken,aswellaspropeller-noiseinvestigations
by otherNACAresearchfacilities.

.
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Certainphasesoftheinvestigationcoveringdynamometer-stand
mufflertestsandpropellerquietinghavebeencompletedandtheresults
arepublishedinreferences1 to 3. Thetheoreticalworkofreference1+
presentsdesigncurvesandan equtionforpredictingtheattenuation
characteristic’sof severaltypesofmufflers.Oneofthemufflertypes
consideredintheinvestigationofreference4.embodiestheprinciple
of chamberresonance.Thisresonant-chambermufflerappearedtobe
worthyofadditionalstudybecauseof itslargeattenuationfora given
sizeandforitslow-back-pressurepossibilities.

Thelaboratorytestsofreference4 Indicatedthatresonator-
attenuationcharacteristicscanbe predictedby theory.Thesetests,
however,wereformufflershavingtailpipesterminatedintheirchar-
acteristicimpedance,a conditiondifferentfromthatfoundinpractice.

Thetheoreticaldevelopmentsinreference4 alsoprovidedan equa-
tionforcalculatingtheattenuationcharacteristicsofimufflershaving
finite-lengthta-llpipes.Therewereno experimentaldata,however,to
showtheaccuracyofthisexpressionand,inaddition,thematerialin
reference~ indicatedthatthetheoreticalassumptionsof smallsound
pressuresandzeroflowvelocitywouldnotbe satisfiedformufflers
operatingunderengine-exhaustconditions.Forthesereasons,a need
forbothlaboratoryteststidenginetestswasrecognized.

Thepresentinvestigationwasthereforeundertakento determine
thecollectiveinfluences,ifany,thatsuchfactorsas (1)tailpipe,
(2)largesoundpressures,and (3) exhaustflowvelocitieshadonthe
attenuationcharacteristicsofresonator-typemufflers.Inaddition,
considerationwasalsogiven.tothedesignofpracticalaircraftmufflers.

Foran investigationofthisnature.,it isdesirableto havean
enginedynamometerstand;however,inthiscase,a helicopterwasused
forexecutingthemufflerfieldtestbecauseof itsavailability.Such
an arrangementwasexpectedtobepermissibleforthesetestsbecause
ofthelowextraneousnoisesgeneratedby thet“est-helicopterrotor.

SYMBOLS

co conductivity,ft

f frequency,cps

fr resonantfrequency,cps

.

.

.

.

—

Z* lengthoftailpipe,&
.
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n

speedof sound,fps

volumeofmufflerchamber,cuft

cross-sectionalareaof internaltubinginmuffler,sqft

pressure,psi

ratioofmufflerinlet

radiusof conductivity

lengthof conductivity

numberof conductivity

soundpressureto exitsoundpressure

opening,ft

opening,ft

holes

2fifr
%=7

fc cut-offfrequency,cps

L wavelength,ft

PRETESTDATA

Beforea testsuchastheonetobe discussedinthispapercanbe
effectivelyundertaken,certaininformationconcerningtheoperating
characteristicsofthetestequipmentmustbe known: (1)theengine-
exhaustnoisespectrummustbe availablesothatpropermufflerdesigns
canbemade,(2)thee-ust-gastemperaturesmustbe knowninorder
thatwavelengthsmaybe computed,and (3) theleveloftheextraneous
noiseisneededto determinethemaximumquietingwhichcanbe realized.
Becausenoneofthisinformationcouldbe obtainedfrompublishedmate-
rial,an initialfieldtestwastie toprovidethisinformation.Meas-
urementsobtainedprotideda satisfactoryexhaust-noiseanalysisanda
usefultemperaturerecord.Figure1 showstheehust-noisefrequency
analysis.Temperaturemeasurementsshowedthespeedof soundinthe
exhaustpipeto be approximately2000feetpersecond.

Theextraneous-noiselevel,whichishereindefinedas noisefrom
. sourcesotherthantheengineexhaust,couldnotbe accuratelydetermined

fromthepretestdata.
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MUFFLERSANDDESIGN

Inorderto insurethatan adequatetestrangewouldbe coveredin
theinvestigation,fourresonator-typemufflersweredesignedandcon-
structed.Threeofthemufflershadsingleresonantchambers,whereas
thefourthhadtworesonantchmnbers.Thedouble-chambermufflerwas
designedwiththeintenttoprovideenoughexhaust-noiseattenuationso
thattheextraneousnoiselevelcouldbe measured.Figure2 shows
schematicdrawingsofthesemufflers.

Themufflersweredesigned.to givesuccessiveincreasesinattenu-
ationandtohavetheacousticalpropertiesshowninthefollowlng
table:

Tail-pipe Attenuation
Muffler Chamberresonant

frequency,cps
resonant– F Ov

frequency,cps parameter,~

1 280 398 4.33
2 280 580 6.03
3 280 58o 12.00

4
{ }
140,largechsmber

Undetermined
{
9.5,largechsmiber

400,smallchaniber 16.Is, smallchamber

Mufflers1, 2, 3,and4 weremadefroml/16-inchmildsteelandweighed

.

.

,

.
12,17,21;and32pounds,respectively.”Figure3 showsthemufflers
installedonthetest–helicopter.

Itmaybe of interestatthispointto indicatethemethodusedin
thedesignofthesemufflerswitha specificexampleincludedformuf-
fler2. Thefactthatthetesthelicopterhadtwoexhaustsystems,one
exhausting.threecylindersandtheotherexhaustingfourcylinders,did
notrequirethedesignof differentmufflersforthetwoexhaustpipes.
Althoughtheexhaust-presstiepulsefromeachcylindercontainscompo-
nentsattheindividualcylinderfiringfrequencyandatharmonicsof
thisfrequency,thephaserelationshipsaresuchthat.,whenthepressure
pulsesofallsevencylindersarecombinedintheatmosphere,thecmnpo-
nentsatthecylinderfiringfrequencyandatmanyoftheharmonicsare
partiaUycanceled.Themufflersmustattenuatethosefrequencycompo-
nentsinbothefiaustpipeswhichcombineto causeundesirablyhigh
noiselevelsintheatmosphere.Consequently,themufflersaredesigned
onthebasisofthenoiseintheatmosphere,ratherthanthatinsidethe .
individualexhaustpipes,and,asa result,thetwomufflersareiden-
tical.Theseventhharmonicofthecylinderfiringfrequencyisreferred
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to astheengine
intheunmuffled
frequencyisthe

fundamentalfrequency.Theprominenceof’thisharmonic
enginenoise(seefig.1) isdueto thefactthatthis
lowestatwhichthecomponentsofall.sevencylinders

arenearlytogetherinphase.

(1)Theexhaust-noisespectrum(fig.1) obtainedfrorathepretest
showedthatmostofthedisturbingnoisefeu inthefrequencyrange
from70 to 350cyclespersecondandthat10 decibelsof over-allatten-
uationwouldreducethenoiseto a desiredlevel.Themufflermustbe
madeto resonatewithinthisfrequencybandinorderto obtainmaximum
quieting;thus,280cyclespersecondwaschosenforthemufflerreso-
nantfrequency.Inordertoprovidea 10-decibelreductionfrom70to

F350cyclespersecond,a mufflerhavinga designparameter-.-# value

ofapproxhnately6.owasselectedfromdesigncurvesonthebasisofthe .
proceduredescribedinreference~.

(2)A tubeforconductingtheexhaustgasesthroughthemuffler
forfilteringmustbe chosen.Theengine-exhaustbackpressuresshould
be keptsmall;consequently,a tubeusedforthispurposemustbe large
enoughto keepthebackpressuxewithinacceptablelimits.Thetubing
selectedformuffler2 w & inches,thesanesizeastheexisting

4
exhaustductingonthetesthelicopter.It shouldbe notedthatthe

K Ovattenuationparameter showsthattheinternal-tubeareagoverns2s
themufflersizefora givenattenuation;forthisreason,thetube
shouldbe selectedas smallaspracticable.

(3)W orderto obtainthelengthforthiscentraltube,a desired
tail-pipelengthiscomputedandaddedtothelengthnecessaryto con-
ducttheexhaustgasesto theconductivityholes.Theconductivity
holesmarktheoriginofthetail_pipeforsingle-chambermufflers.
Beforethetail-pipelengthcanbe computed,however,sqmespecific
frequencyfortail-piperesonancemustbe selected.Thisfrequency
mustfallwithina rangeinwhichlittleorno attenuationisneeded
because,asthetail-piperesonantfrequencyisneared,themuffler
attenuationdropsto a negativevalueovera narrowband. Thetail-
piperesonantfrequencyselectedformuffler2 was58ocyclespersec-
ond. Thetail-pipelengthiscomputedas fo~ows:

2t =$=&=2~~& =20.68 inches



6.

By applying
isthetail-pipe
is

an end
inside

Z%= 20.68 -
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correctionof Alt= 0.61R (ref.4)where R
radius,theresultingcorrectedtail-pipelength

0.61(1.125- 0.063)s 20.03~ches

Inasmuchasthetheoryofreference4 showsthatthetail-pipe
lengthalsoaffectsthelow-frequencycut-offofthemuffler,a check
isrequiredto seewhetherthiscut-offfallswithinthedesiredattenua-
tion band. Thecut-offfrequencyisdeterminedfromequation(C12)of
reference4.

‘* =88 Cps

Sincethecut-offfrequencyiswithinthefrequencybandinwhich
mufflingwasdesired,a decisionmustbemadeas to~“etheritisbene-
ficialto increasethetail-pipelengthandtherebylowerthehighfre-
quencycut-offorto increasethechsmbersizeinord& to obtaina
smallattenuationgaininthelow-frequencyrange.

(4)Theconductivityfactorco determinesthemufflerresonant
frequencyfora givenvolume.Theequation

showstherelationshipthatexistsamongtheconductivity,volume,and
resonantfrequency.WVchtheuseofthisexpressionandforthevalues
oftheparameterschosen,thevolumeandconductivityformuffler2 can
be determinedas follows:

.

.-

Solvingfor
r
& yields



NACATN2943 7

r=0 280x 2fi= 0.880—=
v 2000

KOv=6
2s

andsolvingfor ~ gives

~ = 6 x 2 x ; ‘2”25j~”125)2= 0.295

%=@.l-= 0.880x 0.295= 0.260ft

By substitution

v 0.260=—= 0.336 CUft
0.8802

.

Thisvolumeanda chosenmufflerlengbhof 2 feetwereusedto
calculatethemufflerdismeter,5.9inches.Forthesakeof construc-
tionsimplicity,thediameterwaschosentobe 6.oinches.Thisdism-
eterchangerequiredsmalladjustmentstobemadeinthevaluesofvol-
umeandconductivity;thenewvaluescalculatedwere0.338cubicfoot
and0.261footforvolumeandconductivity,respectively.

(5)Inorderto obtaintherequiredmufflerconductivity,an
expressionfoundinreference5 maybe used. Thise~ression

. givestheapproximateconductivityofa circularopeninghavingradiusa
andlength 2. Thenmber of l/2-tichholes-requiredformuffler2

.



8 NACATN2943

maybe computedby usingtheprecedingequationinthefollowing
expression

c. ofmuffler2
n=

Co p= l/2-inchhoie

ExperiencehaE
causedby theclose
holestobe changed
resonantfrequency.

I

,

0.261 = 7.27or7 holes.

shownthattherearesomeeffectsontheconductivity
spacingofholeswhichoftenrequirethenumberof
inorderto obtainthedesiredconductivityco,or
me actualconductivityco canbe determinedby

experimentaltests.

(6) Afteralldimensionsforthemufflerhavebeendetermined,the
theoreticalattenuationcharacteristicsoftheresonat-orshouldbe com-
putedandanalyzedwiththeuseof eqpation(C1O)ofreference4. This
expressionmaybe givenindecibelsinthefollowingform:

Attenuation= 10log10

= 10 loglo ()21+:

()

1 2

()
s@ & Zt+

Zflf Cz c
—-w=0

1

Ifthepredictedattenuationdoesnotconformtothedesiredconditions,
smallchangesintheoriginallyselecteddesignvalueswy be madeto
achievethedesiredresults.

.

.
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. fwPARATus

. Thetesthelicopter(fig.4)wasusedas themufflertestbedin
thisinvestigation.Thetailrotorwasremovedfortheteststopre-
ventitsnoisefrominterferingwiththesoundmeasurements.Thenoise
emanatingat themainrotorfundamentalfrequency(13cyclespersecond)
wasknowntobe oflittlesignificanceinthesetests.However,a pos-
sibilitythatthehigherharmonicsoftherotormightinterferewiththe
exhaustnoisemeasurementswasrecognized.

Thehelicopterwaspoweredby a R-550-1,180-horsepower,7-cylinder
enginehavingtwinexhauststacks.Onestackexhaustedthreecylinders
andtheother,four.Figure5 showsa diagrammaticsketchofthefield-
testsetupandsurroundingterrain.

Laboratorycoldtestswerealsoconductedinthisinvestigation.
Thesecoldtestsrequiredthebuildingof a testsetupstiilarto the
oneshownby theschematic&awinginfigure6. Thespecificelectronic
equipmentincorporatedinthissetupwasas fold_ows:(1)an audio
oscillator;(2)a poweramplifierandspeaker;and (3) a sound-level
meter.

Thesoundmeasuringequipmentusedinthefieldtestsconsistedof
a GeneralRadioCompanytype759-Bsound-levelmeter,a GeneralRadio
Companytype760-Asoundanalyzer,anda WesternElectrictype700-A

. sound-levelmeterandfilterset. Boththefrequencyanalysisandthe
over-allsound-pressurelevelwererecordedona twinrecorder.This
equipmentgavean over-allmeasuringaccuracyofabout2 decibelswhen

- operatingunderfieldconditions.Theresponseoftheaudiosimplifiers
andmicrophoneswasfoundto droprapidlyforfrequenciesbelow40 cycles
persecond.A water-cooledcrystalpressurepickupwasutilizedto
obtaina timehistoryofthepressurevariationinsidetheexhaustpipe
aheadofthemuffler.Indicationsoftheexhaust-gastemperatureswere
obtainedthroughuse of chromel-alumelthermocouplesanda Lewispoten-
tiometer.

TESTS

Thelaboratorycoldtestswereconductedintheopenareabehind
theLangleyfull-scaletunnel.Thecold-testdatawereobtainedby
sendingsingle-frequencysoundsintothemufflersandobservingthe
noisereductionproducedby thesilencer.Inorderto insurethatthe
mufflersweretestedforthesamewavelengthsinthecoldtestas in
thehotorfieldtest,thecold-testfrequenciesweread~ustedto pro-
ducethewavelengbhsforwhichthemufflersweredesigned.Inthe
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.
presentationofthecold-testresults,theexperimentalfrequenciesare
multipliedby theratioofthesonicvelocityintheactualexhaustgas
to thesonicvelocityinthecoldtestinordertocorrectforthetem-
peraturedifferencebetweenthetwoconditions.Forthecoldtest,the
frequencyrangewasfrom30cyclespersecondto 400cyclespersecond;
forthehottest,thefrequencyrangehavingequalwavelengthsis52to
700cyclespersecond.Ci?heambientnoiselevelfor”thelaboratorytests
wasabout60 decibels.

Thefieldtestswereconductedbeforesunriseonth*Langleylanding
field.Theambientfieldnoiselevelwasapproximately62 decibelsat
thestartofthefieldtests.Changesthatmayhaveoccurredinthe
ambientfieldnoiseafterthehelicopterenginewasstartedcouldnot
be determined.Thetiflerfieldtestsincludedtheinvestigationof
thefourmufflersof-differentsizeonthemodifiedhelicopterto deter-
minetheattenuationcharacteristicsofthemufflersat an enginespeed
of approxtiately2200revolutionsperminute.Inorderto determinemore
fullytheconditionsunderwhichthemufflerswereoperating,internal
exhaust-gassoundpressuresandtemperaturesweremeasuredduringone
ofthetestruns.

As a furthercheckonthepracticalityofthemufflerdesign,the
helicopterwasflownwiththefirstthreemufflersattached.Thepilot,
whohadconsiderableflyingexperiencewiththetesthelicopter,repotied
no noticeablechangeinperfo-ce.

Theresult6of
followingsections,

.

thesemufflertests,whicharediscussedinthe
showtheeffectivenessofthemufflerinreducing

.

d

RESULTSANDDISCUSSION
.

theexhaustnoisesalongwiththemeritsandshortcomingsofthetheo-
reticalequationunderinvestigation(eq.(C1O),ref.4). Theresults
ofthesemufflertestsareseparatedanddiscussedintwodifferentsec-
tionsentitled“ColdTests”and“MufflerFieldTests.”Themufflerexper-
imentalresultsarepresentedintheformsoftablesandcurves.

ColdTests

“Theexperimentalresultsobtainedfromthemufflercoldtestsare
shownby thesmallcirclesinfigure7. Thesolidlinesinthisfigpre
showthetheoreticalattenuationpredictedforeachmuffler.Thetheo-
reticaldata”whichwerecomputedfromtheresonatorequationshowed
mufflers1, 2,and3 weredesignedto havechamberresonances(pointsof
maximumattention)at approxtitely280cyclespersecondandtail-
piperesonancesatabout385,580,and580cyclespersecond,respec-
tLvely.
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A comparisonofthee~erimentalandtheoreticaldataindicated
goodagreementforallmufflerstested.Forexample,thehigherfre-
quencycut-offpoints,characterizedby tail-pipelengbh,areseento
fallverycloseto predictedfrequencies,andthemeasuredattenuation
throughoutthefrequencyrangefellverynearthatcomputedtheoreti-
cally. Itmaythereforebe concludedthatthetheoreticalexpression
of reference4 isvalidforpredictingtheattenuationcharacteristics
formuffler-tail-pipecombinationsunderthecold-testconditions.

Sincethemufflersusedinthisinvestigationweredesignedspecif-
icallyfortheengineonwhichtheyweretobe tested,thesecold-test
experimentsalsoservedto showwhethertheexpecteddesignconditions
weremet. Thedouble-chamberresonatorcurvecomputedformuffler4
showstwochamberresonancefrequenciesandno high-frequencytail-pipe
passbands.Thedifferencebetweencurveshapesforthesingle-and
double-chambermufflersis,of course,dueto thechangesintheacous-
ticalcircuit.Themufflerswerenotexpectedtoprovidetheinfinite
attenuationcalculatedatthechamberresonantfrequencies;thecalcu-
latedinfinitevaluesoccurredonlybecausetheviscousforceswere
neglectedinorderto simplifythecalculations.

Forthecoldtests,thetwolargestmufflers(mufflers3 and4)
werewrappedwithseverallayersoffelt. Intheabsenceofthefelt
wrappings,themaxhnumattenuationwaslimitedto about25to 30decibels
by theradiationfromthel/16-inch-thickouterwalls.Reductionofthis
radiationwouldbe an ~ortant factorinthedesignofa mufflerfrmn
whicha higherattenuationisdesired.

MufflerFieldTests

Themufflerfield-testresultsareshowninfigure8 andtable1.
Thesedatadescribethemannerinwhichthesmrplitudeoftheexhaust
noisevarieswithfrequency.Figure8(a)showstheunmuffled-exhaust
noisespectruminadditionto thenoisespectrumsforbothmufflers1
and2. Stiilarly,thespectrumsformufflers3 and4 areshowninfig-
ure8(b).

Frequencyanalysis.-Thecurvedescribingtheenvelopeforthe
unmuffledexhaust-noisefrequenciesshowsthatthefundamentalfiring
frequency(notedby thedashedline)isby farthelargestnoise-
producingharmonicandthusthefrequencywhichshouldbe giventhe
greatestattenuation.Thepeaksoccurringat 75 and205cyclespersec-
ondarethenextlargestsound-producingfrequenciesoftheenginenoise.
Thesetwopeaks,alongwiththefundamentalpeakmentionedpreviously,
definethefrequencybandwheremostoftheannoyingnoiseisfoundto
existand,consequently,therangewhichshouldbe giventhegreatest
attention.Whenthenoisespectrumfromeachofthefourmufflersis
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comparedto thatoftheunmuffledengine,itbecomesobviousthatcon-
siderablemufflingwasobtainedinthe75to 205cyclespersecondfre-
quencyband. Ingeneral,thecurvesareseento havethesamecharac-
teristicshape.

Supposenowthata comparativeanalysisismadebetweenthecold
testsandthefieldtests. (Seefigs.7 and8.) Figure7 showsthat
mufflers1, 2,and3 shouldhaveyieldedtheirgreatestattenuationat
280cyclespersecond,andnoattenuationInonelowerandonehigher
frequencycut-offband. A point-by-pointcomparisonbetweenthedata
ofthesetwofiguresshowedthehelicopternoisespectrumwasnotreduced
by theamountpredictedforthemufflerinthe--coldtest. Forinstance,
thecold-testdataformuffler2 showedabout11 decibelsofattenuation
was obtainedat128cyclespersecond;thefieldtest,however,showed
that7 decibelsofattenuationwasrealizedwhenthemufflerwastested
onthehelicopter.Similarly,at 200cyclespersecond,approximately
20decibelsofattenuationmayhavebeenexpectedbutonlyU. decibels
weremeasuredduringthefieldtest. Thesequantitativedatainspec-
tionsweremadeforallmufflerstested,anditwasconcludedthat,
althougheffectivemufflingwasreceived,notiflerreducedtheheli-
copternoisebytheamountspredictedfromthemufflercoldtests.

Band-passanalysis.-Inordertoprovidea roughcheckonthe
frequency-analysesdata,certainband-passanalysesweremade. These
band-passdata(table1)givesomepressurelevelswithoverlapping
octavesforfrequencybands,rangingfromO to 1200cyclespersecond.
Beforefurtherdiscussionofthesedata,itshouldb”epointedoutthat
themeterusedintakingthesemeasurementswasof a differenttype

a

fromthatusedforthefrequencyanalysis.A constant2-decibelcali-
brationdifferencewasfoundto existbetweenthetwdmetersused.For ‘ -
identicalsoundsi@ml.s,themeterusedto recordtheband-passanalysis
alwaysread2 decibelsmorethanthemeterusedto recordthefrequency
spectrum.

Goodagreementbetweenthesedatawasachievedinthefrequency
rangeof75to MO cyclespersecond.Thisrangeismostimportantin
thepresentstudybecausemostoftheannoyingnoisefallswithinthese
limits. Theband-passanalysisIsnotgenerallyasusefulforanalyzing
thedataasthefrequencyspectrums;nevertheless,considerableadvan-
tagemaybe realized-fromsuchan analysiswhenitisusedto check
otherdataandto findregionsoflargesoundenergies.

Tail-pipecharacteristics.-Thetheoreticaldatapreviouslydis-
cussed(fig.7) showedthatcertainpassbandsoccur%edat frequencies
bothaboveti”belowthoseofthemufflerresonance.Formuffler1,
thesebandsarefromO to 93cyclespersecondandfrom375to 400cycles
persecond.Althoughthetheoreticaldatashowednoattenuationshould
havebeenobtainedinthefrequencyrangefromO to 93 cyclespersecond,

.
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. thefrequencyanalysisoffigure8(a)
quietingwasreceived.Somemuffling
frequencypassbandshouldoccur.W

13

indicatesthatsomeeffective
wasobtabedwherethehigh-
thehigh-frequency~assband,

however,theattenuationisverysmall.,rangingfr&ml/~~o 2 decibels.
ThemarkeddecreaseinattenuationInthefrequencyrangefrom375to
400cyclespersecondissufficientto indicatethatthetail-pipe
resonancemusthaveoccurredinthisfrequencyband;thisresultagrees
withthepredictedtheory.Thelaboratorytestsofthisinvestigation
alsoshowedthisattenuationdecrease.Itmaythereforebe concluded
thatthetheoreticalexpressionisvalidforpredictingthetail-pipe
resonanceofthemufflerunderengine-testconditionsandthatsome
slightattenuationmaybe realizedduringsuchresonances.Further
evidenceofthesetail-piperesonancesmaybe foundby checkingthe
dataformufflers2 and3.

Internalsoundpressuresoftheexhaustsystem.-As statedprevi-
ously,thetestenginehadtwoseparateexhaustmanifolds,oneexhaust~
threecylindersandtheother,fo-m. A schematicdrawing-showingthis
arrangementappearsfnfigure9. round-pressuredata,as sided by a
crystalpick-upgageplacedintheleftexhaustmanifold,arepresented
infigure10. Thecuxveoffigure10(a)describesonecycleofthis
soundvariation.Thecurveoffigure10(b),having4 humps,showsthe
exhaust-pressurevariationforthe4-cylinderedmust. Thiscuzvewas
notobtaineddirectlyfromrecordeddatabutwassynthesizedwiththe
aidofthemeasured3-cylinderexhaustcurve.

. Closeexaminationoftheplotshowingthe3-cylinderexhaustpres-
surerevealsthatthesoundpressureinthesystemdidnotgoashigh
whenthesecondconsecutiveexhaustvalveopenedaswhenthefirstvalve

- opened.An examinationoftheexhaustsystemrevealsthatthefirst
cylinderexhaustvalveremainsopenfora considerabletimeafterthe
secondcylindervalveopens;thus,thevolumeofthesystemis increased.
Thisincreasedvolumeallows,ineffect,an hmediateexpansionofthe
exhaustinggasesandprovidesa dsmpingofthepeaksoundpressures.

Themaxhum-peakexhaustpressuremeasuredisshowntobe approxi-
mately7 poundspersquareinch.Thisvaluecorrespondsto a sound-
pressurelevelofi8gdecibels.ThispressureIsfargreaterthanboth
thepressureassumedintheoryandthesoundpressureusedforthecold
tests.Thepeakpressuresmeasuredenteringthemufflersattachedto
thecold-testsetupwereoftheorderof141decibelsor0.028pounds
persqure inch. h orderto reducelargepeaksoundpulses,collector
ringsmaybe employed.Thepressurerecordsoffigure10,forexample,
indicatethat,ifa complete
ontheengine,themagnitude
reducedby over50percent.
beenrequired.

-

circularco~ectorringhadbeeninstalled
ofthepressurepeakswouldhavebeen
Inaddition,onlyonemufflerwouldhave
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PossibleReasonsforDiscrepanciesBetween
ColdTestsandFieldTests

Somereasonsmaybe givento accountforthediscrepanciesthat
existbetweentheattenuationsobtainedfromthecoldtestsandthose
obtainedfromthefieldtests.Thesereasonsinclude(1)thelarge
differencesinoperatingconditions,and(2)theprevailingextraneous
noisesofthefieldtests. —

Differencesinoperati~conditions.- Thedifferencesthatare
kmownto existintheoperatingconditionsarethoseoflargesound
pressures,of internalflowvelocities,andofhighgastemperatures.
Thecold-testexperimentswereconductedwithpeaksoundpressuresof.
theorderof141decibels(0.028poundspersquareinch);whereasthe
peaksoundpressuresfromtheengineenteringthemufflerswereabout
289decibels(7.0poundspersquareinch).Thissound-pressureincrease
of 250timesinthemufflersystemraisesthesoundpressureto a point
whereitisno longersmallwithrespecttothestatic(atmospheric)
pressure.An originalassumptionmadeinthedevelopmentofthetheo-
reticalequationwasthatthesoundpressurewouldbe smallincompari-
sontothestaticpressure.Sinceitisobviousthatthisassumption

( psoundpressure
a snwll

)
ratiowasnotsatisfiedduringthefield

‘staticpressure
tests,theattenuationdecreaseofthemufflersismostlikelya func-

tionoftheratio‘soundpressure. Thequantitative-mannerinwhich—.‘staticpressure
thisratioaffectstheattenuationcharacteristicsofthemufflersis
notknown;consequently,furthermufflerinvestigationsareneededto
determinetheexacteffectsofthisparameter.

Anotherverydistinctdifferencebetweenthecoldtestsandfield
testswastheinternal.flowvelocitythroughthemufflersystem.For
thecoldteststherewasnoflowvelocityas assumedInthebasictheory;
whereasforthefieldteststheexhaustflowvelocitywasestimatedto
be about500feetpersecond.Thetemperaturemeasurementsshowedthat
thisaveragevelocitywasapproximatelyone-fourththespeedof soundin
theexhaustsystem.Thisvelocitymayhavehadan appreciableeffect–on
thequietingpropertiesofthemufflers;yet-nodefiniteconclusionscan
be drawnuntilthisvelocityeffectisfurtherInvestigated.The
1200°F temperaturesintheexhaustsystemweresufficientlyhighto
havecausedprobablysometemperaturegradients,bothwithinthemuffler
resonantchsmberandbet-mentheinternaltubeandthe_resonantchamber.
Themagnitudeofanysuchgradientsandtheinfluenceonth-muffler
acousticsarenotlamwn.Inconclusion,however,itmaybe statedthat,
althou@theindividualeffectsoflargesoundpressuresandexhaust-
flowvelocitiesarenotknown,theircombinedeffectscausea reduction

.

.

.
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. intheattenuationofthemufflersoverthegreaterpartoftheheli-
copterspectrum.

. Extraneousnoise.-Anotherfactorwhichmayaccountforsomeof
thediscrepanciesbetweendataisextraneousnoise.Theinfluenceof
thisfactorontheexhaustnoisespectrumpresentedisdifficultto
determine.No pureextraneousnoisespectrumcouldbe obtainedwhereby
a quantitativepoint-by-pointcomparisoncouldbemade. Theextraneous
noise,as discussedherein,ismade”up ofallnoiseswhichoriginate
fromsourcesotherthantheexhaustgas. Thesenoisesincludeengine
airintake,engineblower,engineclatter.,vibratingfuselage,main
rotor,anddistantaircraft.Thecombinationofthesenoises,when
integratedwiththosefromtheexhaustgases,yieldsallthecurves
describedinfigure8. Iftheexhaust-gasnoise,however,isthemost
pronouncednoiseina systemandifit isreducedcontinuouslytoward
zero,somepointwi~ be passedwheretheexhaustandetiraneousnoises
willbe equal.At thispointtheextraneousnoisewillbe eqgallyas
importantastheexhaustindeterminingthenoisespectrum.Thus,the
spectrumtillstopdefiningthe“shapeof exhaustnoiseindetailand
beginto showsomecharacteristicsoftheetiraneousnoises.A reduc-
tionoftheexhaustnoisewellbelowthatoftheextraneousnoisewill
leavea spectrumcontainingprincipallyextraneousnoise.Sucha con-
ditionwasstrivedforwiththeuseofmuffler4. Thecurveformuf-
fler4 (fig.8(b))describingthespectrumofallexhaustgasinaddi-
tionto theextraneousnoisehaspracticallythesameshapeasthatof
muffler3. Thisobservationindicatesthatmuffler3 musthavereduced

. theexhaustnoiseto a pointwheretheefiraneousnoisebecameprevalent
andthatmuffler4 couldhaveonlyfurtherreducedtheexhaustnoise;
consequently,onlyslightlymoreover-allnoisereductionwasprovided.

. Over-allsound-pressuremeasurementsshowedthesamesoundenergy
(8Idecibels)waspresentatthemicrophoneswhenbothtiflers3 and4
wereinstsJled.Thus,theexactattenuationprovidedby themufflers
couldnotbe determinedbecauseOftheefiraneousnoiselevel.It iS
of interestto noteherethat,astheextraneousnoiselevelisapproache
themufflersmustreducetheexhaustnoisein greaterincrementsto
reducetheover-allnoiselevelby equalamounts.Forinstance,ifthe
extraneousnoiseis85 decibelsandtheexhaustnoiseis100decibels,
theover-allnoisewi~ be 100.1decibels.Ifa mufflerreducesthe
enginenoiseby 12 decibels,theover-allnoisewillbe reducedby
10.4‘decibelsto 89.7 decibels.Iftheenginenoiseisreducedanother
12 decibels”(to76 decibels),theover-tinoiselevelisreducedby
only4.2decibelsto 85.5decibels.Thisexplanationshowsveryclearly
thatthemount ofnoisereductionwhichcanbe gainedby theuseofa
givenmufflerisdependententiielyupontherelativeintensifiesofthe
extraneousandexhaustnoises.‘Itmaybe concluded,therefore,thata
mufflerusedto attenuatea noiselevelwhichconsiderablyexceedsthat.
oftheextraneousnoisecanprovidemuchmore,over-allnoisereduction
thanif itwereworkingina noiserangecloseto theextraneousnoise.

:d,
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SignificanceofMeasuredNoiseReduction .

Inorderthatthesignificanceofthenoisereductionsobtained
maybe interpreted,somecomparisonsandcommentsaremadeonthebasis
oftheinformationcontainedinreference6 regardingthesoundlevels
ofaircrafttraffic.Forthosefsmiliarwiththenoiseofvarious
typesofairplanesontake-off,figure27ofthisreferenceprovidesa
meaningfulcomparison.Thenoiseoftheunmuffled180-horsepowerheli-
copterhasaboutthesaneintensitylevelas that-otithe1~-horsepower
StinsonVoyagerairplaneor the165-horsepowerBeechBonanzaairplane.
Thesmallestmufflertestedon thehelicopterreducedtheintensityto
aboutthatof thequietestairplaneof figure27ofreference6, a 65-
horsepowerPiperCubairplane.Thesecomparisonsaremadeat take-off
powerata distanceof200feet. Thethreeairplanesmentionedwere
allequippedwithstandardproductionmufflers.

As a furtherindicationofthesignificanceofthesoundlevels
measuredinthisinvestigation,a comparisonintermsofrelativeloud-
nessismade. Relativeloudnessisdefinedherein,as inreference6,
astheperceivedloudnessof soundheardby theaverageearrelativeto
theloudnessofthenormalconversationalvoiceata three-footdistance.
Thevariationinperceivedloudnesswiththeloudnesslevel(inphonsor
decibels)istakenfromtheAmericanStandardsAssociationStandard
Z2&.2-1942.Relativeloudnessesofthefiveconfigurat-ionsofthis
investigation,basedontheover-allsoundlevelsgivenintableI,are
approximately5.3fortheunmuffledhelicopter,2.9withmufflers1 and2,
and2.5withmufflers3 arid4,allat a distanceof 200feetattake-off
power.Thus,muffler1,foremmple,reducestheloudnessofthenoiseas
perceivedby theaverageearby about45percent.Thisexamplegivesan
indicationofthemagnitudeofthenoisereductionobtained;although,
of course,thehumanmindtakesintoaccountotherfactorsbesidesloud-
nessinjudgingtheannoyancedueto a particularnoise.Onthebasis
ofthedatainreference6 thedistancesatwhichthehelicopternoise
wouldhavethesameloudnessasthereferenceconversationalvoiceare
estimatedatabout18OOfeetfortheunmuffledhelicopter,800feetwith
mufflers1 and2,and630feetwithmufflers3 and4. It isevident
fromthisdiscussionthatthemufflersproduceda verysignificantreduc-
tioninthenoiseofthehelicopter.

CONCLUSIONS

An experimentalinvestigationhasbeenmadeoftheacoustical
attenuationpropertiesoffourresonator-type-mufflersbybothlaboratory
andfieldtests.A surveyof resultsofthesetestsshowthatthefol-
lowingconclusionsmaybe drawn:

.

.

.

.

.
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. 1. ‘Theresonatormufflercangreatlyaidinreducingthenoise

17

originatingfromtheengineexhaust.
.

2.Mostoftheexhaust-soundener~ fortheenginetestedisfound
concentratedatthelowerfrequenciesfran70 cyclespersecondto
3~0cyclespersecond.Themufflersweredesignedtoproducemax3mwn
noiseattenuationinthisfrequencyband.

3. Theattenuationofa resonatortypeofmuffler,asdetermined
fromcoldtests,canbe expectedtobe ingeneralagreementwiththeo-
reticalcalculations.Tail-piperesonancesoccurinaccordancewith
thetheoryandcausenegativeattenuationdipsinthefrequencyspectrum.

4.Mufflersoperatingunderfield-testconditionscannotbe expected
to yieldtheattenuationaspredictedby theoryor coldtestsbutwill
yieldlessattenuation.Exactquantitativeattenuationmeasurements
couldnotbe madebecauseoftherelativelyhighextraneous-noiselevel
thatexistedduringthemufflerfieldtests.

5. The soundpressuresinsidetheexhaustpipearemuchlargerthan
thoseassumedinthebasictheoryandconstitutea probablecausefor
thedifferencesexistingbetweenthefield-testandthetheoretical
data.Furthertestsarenecessaryto isolatetheeffectsofexhaustgas
flowvelocitiesandlargesoundpressuresontheattenuatingpiaperties
ofthemufflers.

.

LangleyAeronauticalLaboratory,
NationalAdvisoryCmmnitteeforAeronautics,. LangleyField,Vs.,Februa
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TABLEI

BAND-PASSANALYSISOFHELICOPTERNOISEAT200FEET

Over-all
sound
level,
db

85

85

83

83

91

0 to
50
Cps

72

70

70

70

74

50to
100
Cps

80

79

78

78

84

Sound-levelpressure,db,from-

75to
150
Cps

81

82

80

80

88

100to
200
Cps

81

81

79

78

87

150to
300
Cps

77

76

74

73

83

200to
400
Cps

75

73

72

72

81

Yx)oto

Cps

70

69

67

67

71

400to
800
Cps

60

60

60

59

61

600to
1200
Cps

54

58

57

58

58
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Left

Figure9.-Schematicdrawingofhelicopter-engine-exhaustsystem.
Firingorder:I, 3,5,7, 2,4, 6.
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